INTRODUCTION
CD38, a type II transmembrane glycoprotein predominantly expressed in early-and late-activated phenotypes of lymphomonocytic cell lineages [1] [2] [3] , is a bifunctional ectoenzyme directly involved in the metabolism of cADP-ribose (cADPR). At the external surface of CD38 + cells it catalyses an ADP-ribosyl cyclase reaction converting NAD + into nicotinamide and cADPR, as well as a cADPR hydrolase reaction yielding ADPribose (ADPR) [4] [5] [6] [7] [8] [9] . Steadily increasing interest towards cADPR arises from its widely recognized role of Ca# + mobilizer in several types of cells [10] and also in reconstructed subcellular systems that can be used to develop a specific bioassay of cADPR itself [11] .
A still unresolved issue concerns the relationship between the ectocellular site of production of cADPR and its Ca# + -related intracellular functions. No obvious extracellular roles of cADPR are in fact known. The only relevant finding is the stimulation by externally added cADPR of the proliferative response of activated murine B-lymphocytes, but the underlying mechanisms are as yet undefined [4] .
Studies on CD38 from biological sources other than blood cells might provide adequate models to address the above question. Brain seems to be a suitable source because of the abundance of cADPR and of the two enzyme activities involved in its metabolism [10, 12, 13] . Moreover, isolated rat brain [14] and cerebellum [15] microsomes were found to release Ca# + upon incubation with cADPR. In addition, recent whole-cell patchclamp experiments showed that cADPR, intracellularly added to mouse embryonic cultures of Purkinje neurons, specifically potentiates the Ca# + increase evoked by depolarization [16] . Finally, cerebellum is the area of rat brain richest in cGMP [17, 18] , which has been reported to stimulate ADP-ribosyl cyclase in sea urchin eggs [19] . In cerebellum, the production of cGMP Abbreviations used : cADPR, cADP-ribose ; ADPR, ADP-ribose ; NGD + , nicotinamide-guanine dinucleotide ; cGDPR, cGDP-ribose ; VDCCs, voltagedependent calcium channels ; CICR, calcium-induced calcium release ; [Ca 2 + ] i , intracellular Ca 2 + concentration ; mAb, monoclonal antibody. R To whom correspondence should be addressed.
the depolarization-induced rise in intracellular Ca# + concentration. This effect was inhibited by 1 µM ryanodine, suggesting a potentiation of calcium-induced calcium release by cADPR. CD38 ectoenzyme activities, ADP-ribosyl cyclase and cADPR hydrolase, were also demonstrated in i o by microdialysis of adult rat cerebellum, where IB4 bound to granule neurons selectively. Trace amounts (11.5p3.8 nM) of NAD + were detected by microdialysis sampling and sensitive assays in the basal interstitial fluid of the cerebellum. These results provide a link between ectocellular cADPR turnover and intracellular calcium mobilization in cerebellum.
has been shown to depend upon NO synthesis [20] [21] [22] . The possible metabolic interactions between NO, cGMP and cADPR [16, 19, 23] prompted us to investigate the cADPR synthesizing\ degrading pathway both in itro on primary cultures of cerebellar granule neurons and in i o by intracerebellar microdialysis of adult rats. The results reported in this paper demonstrate that ectocellular metabolism and intracellular calcium-related functions of cADPR can take place in cerebellum.
EXPERIMENTAL

Materials
cADPR was prepared and purified as described previously [5] . All nucleotides were purchased from Sigma (Saint Louis, MO, U.S.A.). The anti-(human CD38) monoclonal antibody (mAb) IB4 [3] was kindly provided by Professor F. Malavasi, Ancona, Italy.
Culture conditions
Cerebellar granule cells were prepared and cultured according to a standard procedure [24] from 8-day-old postnatal SpragueDawley rats (Charles River, Calco, Italy) as previously described [25, 26] . Cultures were treated with 10 µM cytosine arabinoside from day 1 to minimize proliferation of non-neuronal cells, and were maintained in basal Eagle's culture medium, supplemented with 10 % fetal calf serum, 100 µg\ml gentamycin and 25 mM KCl. Cells were plated on 12-well plates for enzyme assays, or seeded on 20 mm diam. glass coverslips coated with poly--lysine (3i10& cells\cm#) for monitoring of fura 2-AM fluorescence.
Enzymic assays
Intact cultured cerebellar granule cells (10' cells) were incubated for up to 2 h at 37 mC in 0.5 ml of isotonic PBS, pH 7.4, containing 0.5 mM NAD + (for NAD + -ase), 0.5 mM nicotinamide-guanine dinucleotide (NGD + ) (for ADP-ribosyl cyclase) or 0.25 mM cADPR (for cADPR hydrolase). At various time intervals, 100 µl aliquots of the supernatants were submitted to HPLC analysis, using an ODS Hypersil C18 reverse-phase column [27] . In the mixtures containing either NAD + or cADPR as substrates, both AMP and adenosine were formed, besides a large proportion of ADPR, because of the presence of dinucleotide pyrophosphatase and 5h-nucleotidase ectoenzyme activities in granule cells. Therefore, calculations of NAD + -ase and cADPR hydrolase activities were performed taking into account the sum of the three products detected by HPLC.
Intracerebellar microdialysis
Male Sprague-Dawley rats (250-300 g, CD-COBS, Charles River) were anaesthetized with 3 ml\kg Equithesin, were placed on to a stereotaxic frame (David Kopf Instruments, West Hampstead, NY, U.S.A.), and were implanted with a microdialysis probe that was transversely positioned into the cerebellum : antero-posterior lk2.3, height l j6.0, as previously described [22] . A piece of dialysis fibre (0.3 mm outer diameter with 40 000 molecular-mass cut-off ; 8 mm glue-free zone ; AN69HF ; Hospal S.p.A., Bologna, Italy) was inserted transversely into the brain so that the glue-free zone was exactly located in the target area. Stainless-steel cannulae were glued to the ends of the fibre, bent up and fixed vertically to the skull, using dental cement and modified Eppendorf tips. After a 24 h recovery period, the probes were perfused at a flow rate of 5 µl\min with artificial cerebrospinal fluid containing 145 mM NaCl, 3 mM KCl, 1.26 mM CaCl # and 1 mM MgCl # , buffered at pH 7.4 with 2 mM phosphate buffer, and various dinucleotides as indicated in Figure 5 . After a washout period of 1 h, samples were collected in minivials every 5 or 10 min and were assayed for their content of dinucleotides and nucleotides by HPLC [27] . A sensitive enzymic cycling assay procedure [28] was used to measure NAD + levels. This method allows the measurement of NAD + concentrations as low as 10 pmol\ml. It involves spectrophotometric monitoring of Thiazolyl Blue reduction by NADH, in the presence of an NAD + -reducing system (ethanol and alcohol dehydrogenase). In order to extrapolate to actual dinucleotide levels present in the cerebellar dialysates, the corresponding in itro recoveries from the dialysis probes were estimated. The recoveries for NAD + and ADPR amounted to 11.2p1.5 (S.D.) and 13.4p0.98 % (n l 3 different probes) respectively.
Recording of fluorescence traces in fura 2-AM-treated cerebellar granule cells
Experiments were carried out on cells cultured between 5 and 13 days in itro. The intracellular Ca# + concentration ([Ca# + ] i ) was measured by the fluorescent calcium chelator fura 2 [29] , by using the previously described experimental procedure [26] . Neurons were incubated with 4 µM fura 2-AM, in a standard physiological saline solution containing 5 mM glucose, for 30 min at 37 mC, and then were washed several times with the standard solution at room temperature. This protocol resulted in optimal loading of the dye, which lasted for several hours. The standard solution contained 135 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl # , 1 mM MgCl # and 5 mM Hepes ; the pH was adjusted to 7.4 with NaOH. High-potassium solution was prepared by equimolar substitution of sodium with potassium. The specimen was then mounted on the stage of an inverted microscope, and the fura 2 fluorescence was collected by a photomultiplier. As the field contained from three to ten neuronal bodies, each experiment represents an averaged result over different cells. Optical measurements were carried out with a time resolution of 0.5 s per point.
[Ca# + ] i was calculated according to Grynkiewicz et al. [29] , using the previously described calibration protocol [26] .
Control measurements of voltage-clamped calcium currents were performed by the patch-clamp recording technique in wholecell configuration with Ba# + (10 mM) as charge carrier, as described elsewhere [25, 26] .
Immunocytochemistry
Cultured cerebellar granule cells were fixed with 4 % paraformaldehyde at 4 mC for 3 h, washed with PBS and incubated overnight at 4 mC with 1 : 10-1 : 50-diluted IB4 anti-(human CD38) mAb [3] . The mAb was detected with peroxidase-conjugated anti-mouse IgG (Sigma, Saint Louis, MO, U.S.A. ; diluted 1 : 120), and the immune reaction was revealed [30] in a large number of granule cells.
Frozen cerebellum sections (10 µm) were prepared in a cryostat (2800 Frigocut E ; Reichert-Jung, Nussloch, Germany). The unfixed sections were air-dried, washed with PBS and incubated with the IB4 mAb, as above. The immune reaction was revealed with fluorescein isothiocyanate-conjugated mouse antibody (Sigma ; diluted 1 : 120) according to the indirect immunofluorescence method [31] . Positive controls were performed on human B-lymphocytes. Controls were carried out by incubation of cryostatic sections with pre-immune or non-immune mouse serum and omission of the primary antibody.
RESULTS
Detection of CD38 in cultured cerebellar granule cells
The enzyme activities responsible for the interconversion of NAD + , cADPR and ADPR are here defined as NAD + -ase (converting NAD + into nicotinamide and ADPR), cyclase (converting NAD + into nicotinamide and cADPR) and hydrolase (yielding ADPR from cADPR). An apparent NAD + -ase reaction could result either from direct hydrolysis of NAD + , catalysed by NAD + glycohydrolase, or from the combination of cyclase and cADPR hydrolase, through the formation of cADPR as a transient intermediate [10, 32, 33] . Use of the NAD + analogue NGD + allows estimation of the cyclase activity without interference by the hydrolase, thereby differentiating a two-step reaction from degradative NAD + glycohydrolases [32] . Intact cerebellar granule cells showed an apparent NAD + -ase activity, but were also active in converting NGD + into cGDP-ribose (cGDPR) (cyclase) and cADPR to ADPR (hydrolase) ( Figure  1a ). The corresponding activity levels, determined from initial rates and expressed as pmol of product\min per 10' cells (pS.D.), were 195p18 (NAD + -ase), 111p12 (cyclase) and 7p2 (hydrolase) respectively.
Cultured granule cells were then analysed by means of immunocytochemical staining, using a specific anti-(human CD38) mAb (IB4 [3] ). As shown in Figure 1 (b), CD38-cross-reacting material was observed in most granule neurons. Although these data identified CD38 as the ectoenzyme responsible for NAD + and cADPR metabolism in several cerebellar granule cells, the presence of additional NAD + -and cADPR-converting enzymes [34, 35] on the same or on other, CD38 − , cell subpopulations cannot be excluded. 
Figure 2 Effect of β-NAD + on the [Ca 2 + ] i response to membrane depolarization
External KCl (25 mM) was applied for 30 s before and after incubation with extracellular β-NAD + (1 mM ; 10 min). The slow calcium increase observed during β-NAD + application was not present at concentrations below 1 mM. The KCl-induced internal calcium response generally returned to the value obtained in control conditions after 5-10 min in standard solution.
Effects of external cADPR on [Ca 2 + ] i
Metabolism of NAD + and of cADPR at the outer surface of cerebellar granule cells might bear relevance to specific functions of these neurons. Moreover, cADPR was shown to elicit Ca# + release from isolated rat cerebellar microsomes [15] and to increase the Ca# + response to a depolarizing pulse in Purkinje neurons when included in the patch pipette [16] . Therefore, we investigated the effect of external application of both cADPR and its metabolic precursor β-NAD + on the internal Ca# + levels in fura 2-loaded granule cells.
Figure 3 Effect of different treatments on the [Ca 2 + ] i response to membrane depolarization
Columns show the internal calcium response to KCl-induced depolarization after different treatments, normalized to the response in control conditions. Peak values were averaged over the number of experiments shown in parentheses on top of the error bars (S.D.). Each experiment was performed on a different culture dish, and the responses were recorded from groups of 3-10 cells. Ry, ryanodine.
In the first set of experiments, following stimulation with 25 mM external KCl, neurons were incubated with different concentrations of β-NAD + for 10 min and then were challenged again with KCl, after a brief β-NAD + washout. In more than 80 % of these experiments, the peak of the [Ca# + ] i response was significantly increased by β-NAD + in a concentration-dependent manner (Figures 2 and 3) . In addition, a small increase of the [Ca# + ] i in basal (no stimulus) conditions was observed during incubation with 1 mM β-NAD + , but not with lower concen-
Figure 4 Effect of cADPR on the [Ca 2 + ] i response to membrane depolarization
Superimposed calcium responses to high external potassium in control conditions and after incubation of cultured granule cells with extracellular cADPR (100 µM ; 6 min). External KCl (25 mM) was applied for 90 s.
trations. These results were obtained both with commercial β-NAD + and with chromatographically purified β-NAD + preparations [9] . The lowest time of exposure of granule cells to β-NAD + that was required to maintain the peak of [Ca# + ] i response to KCl-induced depolarization was 5 min. α-NAD + , which is not a substrate of ADP-ribosyl cyclase [10] , at 1 mM failed to cause any increase in the KCl response (Figure 3 ), but sometimes, similarly to β-NAD + at the same concentration, resulted in a small increase in the basal [Ca# + ] i level. Control experiments were performed in order to verify whether β-NAD + might affect voltage-dependent calcium channels (VDCCs). In patch-clamp whole-cell recording conditions, β-NAD + determined a fast, readily reversible, block of the VDCCs ; this block was complete in three experiments with 1 mM β-NAD + and partial [40p13 % (meanpS.D.) ; n l 3] with 100 µM β-NAD + . In contrast, potentiation of the VDCCs at later times after treatment was never observed, which ruled out calcium influx from outside. Note that, in the [Ca# + ] i measurements, β-NAD + was always washed out from the bath before depolarization with KCl.
In a second set of experiments (Figure 4 ), cells were directly treated with 100 µM cADPR for 6 min ; then, after a brief washout of the cyclic nucleotide, neurons were stimulated by a pulse of 25 mM external KCl. This treatment did not modify the basal calcium concentration, but the peak of [Ca# + ] i response to KCl-induced depolarization was significantly enhanced over a control stimulation [44p18 % (meanpS.D.) ; n l 8]. A lower response [15p6 % (meanpS.D.) ; n l 4] was observed after pretreatment (and subsequent washout) of neurons with 30 µM cADPR (Figure 3 ). In contrast, ADPR was consistently ineffective on the peak of [Ca# + ] i after depolarization with KCl ( Figure 3) . ADPR can generate AMP and adenosine at the outer surface of granule cells (see the Experimental section). Accordingly, since ADPR is formed ectocellularly from both NAD + (cyclasejhydrolase) and cADPR (hydrolase), AMP, adenosine or other metabolic by-products thereof cannot be implied in the mechanism of the calcium response to depolarization elicited by β-NAD + and cADPR. The cADPR effect shown in Figure 4 was observed in approx. 50 % of the experiments, suggesting some functional heterogeneity of the granule cells as concerns responsiveness to the cyclic nucleotide.
Since cADPR does not affect plasmalemmal calcium properties ( [37] ; C. Marchetti, unpublished work), both cADPR-and β-NAD + -induced increases of [Ca# + ] i following depolarization can be viewed apparently as a potentiation of calcium-induced calcium release (CICR). The presence in cerebellar granule cells of ryanodine-sensitive intracellular calcium stores responsible for CICR is well known [38] . External application (30 s-10 min) of the CICR inhibitor ryanodine (1 µM) largely depressed [68p15 % (meanpS.D.) ; n l 9] the peak of [Ca# + ] i response to depolarization (Figure 3) . Control experiments in whole-cell recording showed that the depression was not due to VDCCs inhibition. Moreover, simultaneous incubation with both 1 µM ryanodine and 1 mM β-NAD + also caused a decrease of the peak response to depolarization [66p16 % (meanpS.D.) ; n l 7], similarly to ryanodine alone (Figure 3) , suggesting that ryanodine acts on the same intracellular stores responsible for the β-NAD + -mediated calcium increase.
Since β-NAD + might activate purinergic receptors, the effect of 100 µM ATP was also investigated, but this nucleotide did not produce any potentiation in the KCl-induced response. These results are summarized in Figure 3 .
Monitoring of CD38 enzymic activities during cerebellar microdialysis in adult rats
Detection of CD38 enzymic activities on the external surface of cultured granule cells and the responsiveness of these cells to cADPR prompted us to investigate whether ectocellular cADPR metabolism can occur also in i o in adult animals. This question was addressed by experiments of intracerebellar microdialysis in adult conscious rats. Preliminary attempts to identify cADPR in the extracellular space of cerebellum from freely moving animals by means of direct microdialysis sampling were not successful. There may be at least two reasons for this negative result. (i) The threshold of detection of cADPR by combined HPLC-bioassay procedures (20-40 nM [11] ) may be insufficient for detection of the extracellular levels expected for a second-messenger molecule (for instance, extracellular cGMP levels in the cerebellum were estimated to range between 7 and 10 nM [22] ). (ii) The dialysis membrane could not capture more than 10 % of the cADPR present in the extracellular fluid.
Therefore, we attempted to identify the two cADPR-related enzyme activities, ADP-ribosyl cyclase and cADPR hydrolase, by exogenously supplying the appropriate enzyme substrates. As shown in Figure 5 (A), addition of 4 mM NAD + into the perfusion stream for 40 min (t l 20-60 min) resulted in an immediate and consistent production of ADPR (but not of cADPR). ADPR returned to undetectable values immediately (10 min) after the removal of its precursor from the perfusion fluid. A second challenge of NAD + (t l 100-150 min) produced similar results. As for the cultured cerebellar granule cells, this finding does not distinguish between an NAD + glycohydrolase activity and a two-step reaction involving short-lived cADPR as an intermediate. Also in the adult rat, however, conversion of NGD + into non-hydrolysable cGDPR unequivocally identified a cyclase activity at the outer surface of cerebellar cells ( Figure 5B ). cADPR hydrolase activity too was demonstrated by assaying ADPR in the outflow after perfusion of cADPR through the probe ( Figure 5C ).
The presence of NAD + in the interstitial fluid is a strict requirement for ectocellular cADPR metabolism to take place in cerebellum. HPLC analysis was not sensitive enough to detect
Figure 5 Time-course pattern of ADPR or cGDPR production in the cerebellum of freely moving adult rats monitored by intracerebellar microdialysis
Two pulses (t l 20 and 100 min respectively) of (A) NAD + (4 mM), (B) NGD + (4 mM) or (C) cADPR (2.5 mM), dissolved in artificial cerebrospinal fluid, were administered through the dialysis probe transversely positioned in the cerebellum, for the time indicated by the horizontal solid bars. Each point represents the meanpS.E.M. of three independent experiments.
Figure 6 Immunocytochemistry from adult rat cerebellum
Several granule cells showed immunoreactivity at the plasma-membrane level (arrowheads), with few cells displaying cytoplasmic positivity (arrow). Clusters of CD38 − elements are shown (S). Magnification was 500i.
NAD + in the basal unstimulated samples. However, 20-fold concentration of these samples by means of lyophilization and the use of a more sensitive assay, based on a specific enzymic cycling procedure [28] , allowed identification of and measurement of NAD + consistently in the cerebellar dialysates. Thus the corresponding levels, corrected for the in itro recovery (see the Experimental section), were found to be 11.5p3.8 (S.D.) nM NAD + (n l 4) in the interstitial fluid. Therefore, NAD + , usually held as an intracellular metabolite only, proves in fact to be present in the intracerebellar interstitial fluid, similarly to ATP in other extracellular fluids [39] .
Immunocytochemical detection of CD38 in adult rat cerebellum
Use of the anti-(human CD38) mAb IB4 [3] revealed CD38 on the plasma membrane of many granule cells in cerebellar slices from adult rats, all other cerebellar cells being CD38 − (Figure 6) . As in the cultured cerebellar neurons (Figure 1) , this finding restricts cADPR metabolism at the external surface of some granule cells.
DISCUSSION
The localization of the two enzymic activities of CD38 at the outer surface of various cell types might raise doubts about cADPR acting as an intracellular regulator of Ca# + homoeostasis. The present findings, however, provide a functional correlation between cADPR-related ectocellular and intracellular events in rat cerebellum.
Rat cerebellar granule neurons are an interesting cellular model for addressing many questions about cADPR functions, and especially the apparent topological paradox mentioned above. First, these neurons are CD38 + cells, both as primary cultures ( Figure 1 ) and in adult rat cerebellum ( Figure 6) . Moreover, the ratio between ectocellular cyclase and hydrolase activities (approx. 16) is much higher than that previously measured for CD38 from other sources [5, 10, 32] , which confers peculiar properties to the granule cells in terms of net cADPR production. The reasons for such an unusual imbalance between the two activities are unknown. Recently, two cysteine residues of human CD38, Cys-119 and Cys-201, have been convincingly implicated in the expression of cADPR hydrolase activity [40] . Cloning of CD38 from rat cerebellar granule cells and sequenceanalysis experiments should elucidate the structural determinants of these remarkably low levels of cADPR hydrolase activity.
The changes in the intracellular Ca# + homoeostasis induced by cADPR added outside cerebellar granule cells identify these neurons as an obvious target of cADPR itself, although other neighbouring cells might be equally responsive. The heterogeneity of the cADPR-induced calcium response, which was observed in about 50 % of the experiments (Figure 4 ), compares well with other patterns of heterogeneity of the cADPR\CD38 system in neurons [38] . These include, for example, the cADPR-induced Ca# + release from intracellular pools in rat dorsal root ganglion cells [41] and the effect of cADPR on caffeine-induced Ca# + transients in bullfrog sympathetic neurons [37] .
That cADPR is directly responsible for the enhanced [Ca# + ] i levels following the depolarizing pulse is clearly demonstrated by the occurrence of this effect both with β-NAD + (Figure 2 ) and cADPR (Figure 4 ), but not with α-NAD + nor with ADPR. Although, in principle, other metabolites of β-NAD + and of cADPR, such as AMP and adenosine, might be viewed as relevant to the observed calcium response, the fact that they are directly formed from ADPR rules out any such involvement. Moreover, since adenosine has been reported to inhibit VDCCs [42, 43] , one would expect a decrease rather than an increase of intracellular calcium. The small increase of the basal calcium levels observed occasionally with β-NAD + and α-NAD + , but never with cADPR, seems to be a minor effect, certainly unrelated to cADPR itself. The potentiation of the [Ca# + ] i response evoked by depolarization with KCl can apparently be qualified as CICR. Since neither β-NAD + nor cADPR caused a potentiation of VDCCs and the effect of β-NAD + was inhibited by ryanodine, all observations argue in favour of an involvement of release from ryanodine-sensitive intracellular stores. Brain microsomes have cADPR-induced calcium-release activity that is sensitive to inhibition by ryanodine [14, 15] , suggesting cADPR as a candidate endogenous ligand of ryanodine receptors. A cADPR-induced calcium-release activity was also observed in dorsal root ganglion neurons [41] . Recently, Linden et al. [16] were able to demonstrate by patch-clamp experiments on Purkinje cells that cADPR increases the [Ca# + ] i response to a depolarizing pulse, when included in the patch pipette. Our results with externally applied cADPR are closely reminiscent of their data.
Whether the intracellular effects of cADPR are due to its steady internalization by the granule neurons, or rather to the triggering of signal-transducing pathways by ectoreceptor-bound cADPR, is not yet possible to establish. Experiments of uptake of β-[$#P]NAD + or of [$#P]cADPR to address the question would not yield unequivocal information about a possible internalization process. Thus ectocellular degradation of radiolabelled NAD + and cADPR to membrane-permeating products such as nicotinamide and adenosine is followed by intracellular synthesis of radioactive metabolites, which would simulate a possible internalization of either NAD + or cADPR. This interplay of NAD + metabolites has been observed in some human blood cells, including erythrocytes and B-and T-lymphoid cells (L. Guida, unpublished work). Therefore, in order to avoid or to limit the extent of this metabolic interconversion, which occurs on a longer time scale (20-30 min) , the experiments on the granule cells were carried out over time intervals not exceeding 10 min for β-NAD + and 6 min for cADPR. The responsiveness of the positive granule neurons after cADPR washout, the failure to observe external cADPR following NAD + administration to granule cells and the above-mentioned data of Linden et al. [16] would suggest influx of the cyclic nucleotide. However, the sensitivity of procedures for estimating intracellular cADPR levels should be greatly enhanced [10] to demonstrate its permeation across the cell membrane unequivocally. The recent development of a specific and sensitive radioimmunoassay allowing detection of 5 nM cADPR [44] holds promise with respect to possible elucidation of this mechanism.
The intracerebellar microdialysis experiments demonstrate for the first time the existence of the cADPR-synthesizing machinery (CD38) in a living adult brain. Although cADPR was not directly found in the cerebellar dialysates under unstimulated conditions, we were able to demonstrate clearly that addition in the perfusion stream of NAD + , NGD + and cADPR caused the appearance in the dialysate of consistent amounts of the respective end-products of CD38 enzyme activities. Thus it seems that, in the cerebellum of living rats, ADP-ribosyl cyclase and cADPR hydrolase activities are present and can be triggered by addition of their substrates. These findings are supported by the immunocytochemical results (Figure 6 ), showing that in cerebellar sections of adult rats several neurons localized in the granule cell layer display CD38 immunoreactivity at the plasmamembrane level.
The functioning of an ectoenzyme such as CD38 requires the presence of its substrate in the extracellular compartment. After concentration of the dialysates, endogenous NAD + could be detected in the cerebellar fluid at concentrations (approx. 10 nM) similar to those reported for other intracellular messengers found in extracellular fluids [22] . Although these levels would seem hardly compatible with those required to elicit the in itro effects on the depolarization-induced calcium responses of cerebellar granule cells, it should be mentioned that microdialysis sampling allows the measurement of average concentrations of a molecule in the extracellular compartment and not at its site of action. Therefore, the possibility that concentrations of NAD + much higher than 10 nM are present in the proximity of the cADPRsynthesizing machinery cannot be ruled out. In addition to this, modulation of ectocellular cADPR turnover might be effected by fluctuations in the levels of extracellular NAD + in specific circumstances and microdistricts and by as yet unidentified physiological stimuli enhancing ADP-ribosyl cyclase activity. With respect to the latter possibility, different agonists of CICR have been recently reported to act via stimulation of cADPR synthesis, i.e. cholecystokinin in longitudinal muscle cells [45] , NO in pancreatic β-cells [46] and NO and cGMP in sea urchin eggs [19, 47] , therefore identifying cADPR itself as a calciummobilizing second messenger.
It is worth noting that the cerebellum is the area of the central nervous system where cGMP is most abundant [17, 18] , and recent microdialysis studies have demonstrated that its extracellular levels can be modulated through the stimulation of the glutamate receptor-NO synthase pathway [22] , thus raising the question of possible ectocellular functions for cGMP. Since cGMP and NO have been recently reported to mobilize intracellular calcium probably by stimulating cADPR synthesis [19, 45, 47] , the present in itro and in i o models, where all these biochemical pathways exist, offer a unique approach to study the possible relationships between NO, cGMP and cADPR in the central nervous system.
